We present temperature dependent frequency shift and line broadening of phonon modes by insertion of atomic layers of Pb and PbTe in the prototype 3D topological insulator Bi 2 Te 3 , using Raman spectroscopy. Good quality single crystals of Pb 2 Bi 2 Te 3 , PbBi 2 Te 4 and PbBi 4 Te 7 are grown using the modified Bridgman technique. The Raman modes show progressive blue shift with the decrease in temperature from 298 K to 93 K in Pb 2 Bi 2 Te 3 , PbBi 2 Te 4 and PbBi 4 Te 7 is due to anharmonic vibrations of the lattice as well as increasing strength of Bi-Te covalent interactions. Experimental results are complemented by extensive density functional theory calculations where a reasonable matching between experimental and computational data is found. Chemical pressure, induces by the insertion of Pb and PbTe layers in Bi 2 Te 3 , modifies the interactions at the boundaries of the quintuple-layers which is evident from the evolution of 2 1u A mode. The enhancement of out-of-plane Bi-Te vibrations with respect to in-plane Bi-Te vibrations are observed at low temperatures.
Introduction
Topological insulators (TIs) are materials that behave as insulators in its interior, but always have conducting boundaries. This compelling characteristic of topological insulator is possible due to strong spin orbit coupling (SOC) of heavy elements, which constitute the topological insulators. [1, 2, 3] Furthermore, the topological order is protected by time reversal symmetry analogous to the quantum spin Hall effect. [1, 2, 3, 4] The potential applications of TIs in spintronic [5] , quantum computing and low power electronics [1, 2] etc. bring it into the spot light of research over the last decade. Considerable amount of research efforts have been devoted to understand the layered structures, e.g. Bi 2 Te 3 , PbBi 2 Te 4 and PbBi 4 Te 7 due to their unique and interesting bulk thermo-electric properties [6, 7, 8, 9] and topological surface states. [10, 11, 12, 13] It is crucial to understand the phononphonon and electron-phonon interactions in these layered materials, in order to use these fascinating materials for practical use. Recently, phonon confinement effect is identified through Raman scattering below three quintuple-layers (QLs) for Bi 2 Te 3 by Wang et al. [14] Most studied Bi 2 Se 3 , categorically in the B(V) 2 A(VI) 3 group possesses 5 D 3d point group symmetry having fifteen different bulk phonon modes at  point and the irreducible representations can be expressed as:
. [15] The odd and even parity phonons are related to Raman and IR active modes of lattice vibrations respectively, of the bulk Bi 2 Te 3 like materials with inversion symmetry in the crystal structure. [16] Out of fifteen phonon modes, three (E u ) are acoustic modes and another twelve are optical in which, 2(E g + A 1g ) are Raman active in the range 20-200 cm -1 . [15] The Raman active E g modes are related to in-plane A(VI)-B(V) and that of A 1u corresponds to out-of-plane IR lattice vibrations. [17] Cheng et al. [18] predict A 1g and A 1u modes are affected by the van-der-Waals interactions present in between QLs of layered Bi 2 Te 3 and independent of spin orbit coupling. The modes E g and E u both have nearly the same frequency split due to the van-der-Waals interactions. [18] Although the room temperature (RT) and low temperature 
Results and discussion
As grown silver color platelet crystals are easily cleaved off from the ingots. For polycrystalline x-ray powder diffraction, small pieces of crystalline blocks from different parts, along the length of ingot for different compounds, are crushed into respective powder and are recorded in the Bragg-Brentano configuration at room temperature. The Rietveld refinements of the RT powder patterns of respective chalcogenides are illustrated in Fig. 1 Refined lattice parameters and Wyckoff positions are modelled by VESTA 3.1.8, electronic and structural analysis software package [26] and are illustrated in and two small humps at 124 and 131 cm -1 respectively that are observed at room temperature are illustrated clearly in Fig. 3(c) . The exact peak positions for these two humps are obtained by deconvoluting the spectra using Lorentzian function.
The shapes of the humps gradually evolve at the cost of lowering the temperature and beome distinct at ~183 K. In total, we have identified five modes at low temperature. and Pb 2 Bi 2 Te 3 , the peak position is same ( ̴ 104 cm -1 ). It indicates that, the insertion of PbTe atomic layers in Bi 2 Te 3 slightly modify the covalent interactions between Bi-Te as the Pb atom is at the centro-symmetrical position and is connected with the Te atom and another end of Te is connected with the Bi. Thus Pb in turn modifies the covalent interactions in Bi-Te atoms pair. Fig. 3(d Fig. 3(a-c) . This is in good agreement with the Wang et al. [14] , who have performed their experiment on MBE grown thin film and Raman measurement under ultra-high vacuum, explains 95 cm -1 mode as the surface phonon mode. But the origin of this mode is not beyond debate, He et al. [29] have argued that, the inversion symmetry breaking for their nano-plates whereas, Jian-Hua et al. [30] have described it as surface oxidation effect. Very recently Fernández et al. [31] reports that, Te clusters in Te rich Bi 2 Te 3 leads to 88 cm -1 mode. We have found 95 cm -1 mode in theoretical studies in DFT calculation.
The peak position and full width half maxima (FWHM) as obtain from
Lorentzian line shape fitting of individual modes as a function of temperature for each specimen are illustrated in Fig. 4(a-d) . 
Density functional theory simulations
We have also performed First principles simulations and computed the Raman modes and frequencies for all the samples. All the calculations have been performed within the framework of density functional theory using the Quantum espresso 5.3.0 code. [34] We have used the tested PBEsol pseudo potential for Bi, Pb and Te from THOES library.
[35] The plain waves and charge density cut-off is set to 55 Ry and 500 Ry respectively and a Monkhorst-Pack [36] grid of k-points is chosen according to the symmetry of the crystal. The phonon properties are calculated using the phonopy package [37] which is used for post-processing the data from Quantum espresso. A super-cell and finite difference (FD) approach are used to calculate the dynamical matrix. Fig. 5(a-c) represents the density of states (DOS) plots for Pb 2 Bi 2 Te 3 , PbBi 2 Te 4 and PbBi 4 Te 7 respectively. The electronic properties as display in Fig. 5(a-c) , which is clearly seen from the PPDOS and are illustrated in Fig. 6(a-c) . The phonon modes from Pb only contribute to the lower side of the spectrum and not of those which are a Raman signature. Theoretically calculated mode frequencies along with the experimentally observed frequencies are tabulated in Table 2 . For bulk PbBi 2 Te 4 , Raman modes match nicely with the experimental observations except slight deviation for low frequency modes. The low frequency mode at ~95 cm -1 obtained in experiment comes at little lower frequency (81 cm -1 ). This deviation between experiment and theory is very much reasonable as Cheng et al. [18] have got around 8-10 cm -1 difference between experiment and theory even after including spin-orbit interactions. For Bi 2 Te 3 film, the frequencies of most of the modes match nicely with the experimental observations except for the highest mode which is overestimated and can be lowered with the incorporation of spin-orbit interactions. [18] The band structure of Bi 2 Te 3 film is resolved correctly when including spin-orbit effect and the Dirac cone is observed at the Γ point in the Brilliuon zone and is illustrated in Fig. S3 in supplementary. The errors in mode frequencies in DFT are due to the sensitivity of calculation with the external stresses which is seen in previous calculations. 
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